induced by transforming growth factor-β1 (TGF-β1) and is a crucial event for cancer cells to acquire invasive and metastatic phenotypes. However, the signals that induce EMT in cancer cells have yet to be adequately defined. In this study, a proteomic investigation was performed to understand the signaling pathway of the EMT of lung cancer using two-dimensional difference gel electrophoresis (2D-DIGE) and mass spectrometry. The protein expression profiles of A549 were compared to those of A549 cells treated with TGF-β1. Of more than 2,000 protein spots shown by 2D-DIGE, 53 were found to be up-or down-regulated upon induction with TGF-β1. In the 53 protein spots, the protein level of heat shock protein (HSP) 27 was found to increase significantly. HSP27 protein was higher in two different lung cancer cell lines, demonstrating the EMT phenomenon with TGF-β1. Notably, the silencing of HSP27 enhanced spindle integration, resulting in an additive effect with TGF-β1-induced EMT. Furthermore, the TGF-β1-induced HSP27 increase was not affected by the suppression of Smad2 and Smad3 in A549 cells. These results suggest that HSP27 was involved in TGF-β1-induced EMT in a Smad-independent manner in lung cancer cells and may provide an effective clinical strategy in lung cancer patients whose tumors are dependent on TGF-β1-induced EMT.
Introduction
Epithelial to mesenchymal transition (EMT) is a process by which cells undergo a morphological switch from the epithelial polarized phenotype to the mesenchymal fibroblastoid phenotype, induced by transforming growth factor-β (TGF-β). EMT is characterized by loss of epithelial differentiation markers, such as E-cadherin, and the induction of mesenchymal markers, such as vimentin and fibronectin. EMT was shown to play a key role in various processes during embryonic development, chronic inflammation and fibrosis (1, 2) . Moreover, EMT was noted during tumor cell invasion and metastasis in various solid tumors, such as lung cancer (3) (4) (5) . Mesenchymal cells arising from EMT contribute to the process of tumor cell invasion. Taken together, these findings suggest that EMT is a crucial event for cancer cells to acquire invasive and metastatic phenotypes.
Lung cancer is the leading cause of cancer-related death in Japan and worldwide. Patient prognosis remains poor despite recent improvements in chemotherapies and moleculartargeted therapies. The identification of sensitive and specific biomarkers that predict metastasis, prognosis and drug sensitivity may have a clinically significant effect on lung cancer treatment strategies (6) (7) (8) (9) . Studies have described the involvement of EMT in various tumors (3) (4) (5) . A number of studies reported that transforming growth factor-β1 (TGF-β1)-induced EMT is correlated with carcinogenesis, metastasis and resistance to chemotherapy in lung cancer (5, (10) (11) (12) (13) (14) (15) (16) . These findings demonstrated that suppression of EMT may be used as a target for the chemoprevention and treatment of lung cancer. The Smad signal pathway is well known as a major transducer of TGF-β signaling. However, the potential signaling pathway during EMT of lung cancer requires further investigation.
This study analyzed the protein expression profiles of lung cancer cells to clarify the signaling mechanisms of EMT using two-dimensional difference gel electrophoresis (2D-DIGE) and mass spectrometry. Heat shock protein 27 (HSP27) was identified as a molecule that increased during TGF-β1-induced EMT in lung cancer cells in a Smad-independent manner. Furthermore, the suppression of HSP27 using specific small interfering RNA (siRNA) accelerated TGF-β1-induced EMT in A549 cells, a lung adenocarcinoma cell line.
Materials and methods
Cell culture. This study used well-characterized lung adenocarcinoma cell lines (17, 18) . A549 was purchased from HSP27 modulates epithelial to mesenchymal transition of lung cancer cells in a Smad-independent manner the American Type Culture Collection; RERF-lC-kj and lC2-ad were obtained from the Riken Cell bank (Ibaraki, japan); and PC9 was obtained from Immuno-biological Laboratories (Gunma, Japan). Lung cancer cell lines were maintained in RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum.
2D-DIGE and mass spectrometry. On reaching 80-90% confluence, the cells were washed twice with phosphatebuffered saline, scraped off into a 1.5-ml tube and briefly centrifuged. The cell pellets were incubated for 30 min in lysis buffer containing 6 M urea, 2 M thiourea, 1% Triton X-100 and 3% [(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate. Following centrifugation at 15,000 rpm for 30 min, the cell proteins were recovered from the supernatant and the protein concentration was measured using a Protein Assay kit (bio-Rad laboratories, Inc., Hercules, CA, uSA). The proteins were labeled with fluorescent dyes developed for the 2D-DIGE system, as previously described (GE Healthcare bio-Sciences Corp., Piscataway, Nj, uSA) (19, 20) . The gels were scanned at appropriate wavelengths for Cy3 and Cy5 dyes with Typhoon (GE Healthcare bio-Sciences Corp.). The spots were detected and quantified using DeCyder software (GE Healthcare bio-Sciences Corp.). Protein identification was performed by mass spectrometry. Mass spectrometric analysis of tryptic digests was performed using Magic 2000 (GE Healthcare bio-Sciences Corp.) and peptide mass mapping was performed using Mascot search.
Antibodies and Western blot analysis. The cells were lysed in buffer (pH 7.6) containing 50 mM Tris-HCl, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40 and 0.5% sodium-deoxycholate. The lysates were maintained on ice for 30 min and then centrifuged at 13,000 x g for 30 min. The supernatant was collected, and 10 µg of protein were separated by gel electrophoresis on 12% gels and transferred to nitrocellulose membranes by immunoblotting using a chemiluminescence system (GE Healthcare bio-Sciences Corp.). The antibodies for detecting HSP27, Smad2, Smad3, phospho-Smad2 (p-Smad2), phospho-Smad3 (p-Smad3) and β-actin were purchased from Cell Signaling Technology (beverley, MA, uSA).
Small interfering RNA (siRNA) transfection.
Transfections were performed at ~50% cell confluency. briefly, 1. II) . Solutions I and II were then mixed and incubated for 20 min at room temperature. siRNA and this reagent complex were added to the A549 cells in OPTI-MEM I (2 ml/well). The final concentration of siRNA was 50 nM. The A549 cells were incubated for 48 h after transfection. siGENOME SMART pool Human SMAD2 no. M003561 (Dharmacon Inc., lafayette, CO, uSA) was used as siSmad2, siGENOME SMART pool Human SMAD3 no. M020067
(Dharmacon) as siSmad3 and siGENOME SMART pool Human HSPb1 no. M005269 (Dharmacon) as siHSP27, with siGENOME SMART pool non-targeting siRNA no. D001206 (Dharmacon) as the control.
Results

Identification of the proteins whose expression was affected
by EMT of A549 cells. TGF-β1 is known to stimulate the EMT of A549 lung cancer cells (1) (2) (3) (4) . In this study, A549 cells treated with 5 ng/ml of TGF-β1 for 72 h were designated as A549/TGF-β1. We observed that while the parent A549 cells exhibited a classic epithelial morphology, A549/TGF-β1, by contrast, appeared less uniformly epithelial (Fig. 1A) . 2D-DIGE was used to compare the protein expression profiles of A549 cells to those of A549/TGF-β1, in order to identify the protein populations whose expression was associated with EMT in lung cancer. Fig. 1b shows a representative Cy5 image unique to A549/TGF-β cells. More than 2,000 spots were noted using 2D-DIGE. Computer-assisted quantitative analysis identified 32 protein spots with increased intensity and 21 protein spots with decreased intensity when compared to A549 cells (p<0.05) (Fig. 1b) . Mass spectrometry successfully identified 53 proteins. Of these, 14 had a >2.0-fold change in the level of expression in A549/TGF-β1 cells compared to A549 cells (Table I ). The most significant increase in expression levels in A549/TGF-β1 cells compared to A549 cells was observed with HSP27 protein, which increased by 9.2-fold. HSP27 protein expression levels were also higher in RERF-lC-kj and lC2-ad cells, which also showed the EMT phenomenon, following treatment of the respective parent cells with TGF-β1. by contrast, HSP27 expression levels in PC9 cells were not affected by exposure to TGF-β1 (Fig. 1C) . PC9 cells did not exhibit signs of EMT following stimulation with TGF-β1 (data not shown).
To confirm the increased expression of HSP27 protein observed by 2D-DIGE, Western blot analysis was performed using HSP27 antibody. Western blot analysis showed that the expression of HSP27 was increased in A549/TGF-β1 cells compared to A549 cells (Fig. 1D) . Therefore, HSP27 protein was used in further functional studies of EMT.
Knockdown of HSP27 in A549 and A549/TGF-β1 cells and the effect on EMT.
To investigate the effect of HSP27 on TGF-β1-induced EMT, HSP27 protein was knocked down in A549 cells. Control or specific HSP27 siRNA was transfected into A549 cells for 24 h, and the A549 and A549/TGF-β1 cells were examined for signs of morphological change after 48 h. Notably, silencing of HSP27 in A549/TGF-β1 cells enhanced spindle integration, resulting in an additive effect with TGF-β1-induced EMT (Fig. 2A) . The expression of EMT markers was evaluated to confirm the occurrence of EMT by Western blot analysis. The expression levels of EMT markers in A549 and A549/TGF-β1 cells treated with HSP27 siRNA were examined. A549/TGF-β1 cells treated with HSP27 siRNA exhibited a reduced E-cadherin expression and increased N-cadherin expression when compared to A549/ TGF-β1 cells treated with control siRNA (Fig. 2b) . These observations suggest that the inhibition of HSP27 protein, which accelerates the EMT process, is mediated by TGF-β1. 
Correlation between HSP27 and the Smad signaling pathway.
The Smad signaling pathway contributes to TGF-β1-induced EMT. Additionally, this signaling pathway modulated TGF-β1-induced EMT in A549 cells. A549/TGF-β1 cells treated with siRNAs of Smad2, Smad3 or Smad2/3 suppressed the TGF-β1-induced EMT morphologically (Fig. 3A) . The expres- sion levels of EMT markers were examined in A549 cells following transfection of siRNA of Smad2 or Smad3. Cells depleted of Smad2 or Smad3 still expressed E-cadherin and suppressed N-cadherin expression, resulting in the suppression of TGF-β1-induced EMT in A549/TGF-β1 cells (Fig. 3b) . To further investigate the role of HSP27 on TGF-β1-induced EMT, we evaluated the correlation between HSP27 and the Smad signaling pathway. HSP27 protein levels increased by exposure following the transfection of Smad2 plus Smad3 siRNAs in A549/TGF-β1 cells (Fig. 3C) . Furthermore, expression of Smad2, Smad3, p-Smad2 and p-Smad3 was unchanged by the HSP27-specific siRNA transduction (Fig. 3D) . The results suggest that HSP27 was up-regulated by TGF-β1 exposure in a Smad-independent manner and contributed to EMT in lung cancer cells.
Discussion
This is the first study to report that HSP27 is involved in TGF-β1-induced EMT in A549 lung cancer cells and is independently activated by the Smad signaling pathway. A number of studies have demonstrated that EMT change is involved in carcinogenesis and drug resistance in lung cancer (5, (10) (11) (12) (13) (14) (15) . For example, a significant association was found between EMT and k-Ras dependency in k-Ras-addicted lung cancer cells (5) . In lung adenocarcinoma cells, thyroid transcription factor, a master regulator of lung morphogenesis, inhibited the process of EMT in response to TGF-β (10). As for drug sensitivity, the induction of EMT contributed to the acquired resistance of epidermal growth factor receptor tyrosine kinase inhibitor in lung cancer (11) (12) (13) . Thus, the inhibition of EMT is a novel potential target for the chemoprevention and treatment of lung cancer. TGF-β1 is a significant mediator of EMT and is involved in epithelial to mesenchymal interactions during lung carcinogenesis. The Smad pathway is a major transducer of TGF-β signaling (21) . Smad2 and Smad3 are phosphorylated by the TGF-β type I receptor and form complexes with Smad4. These complexes accumulate in the nucleus of the cell, regulating the transcription of target genes and playing a crucial role in the control of cell proliferation, differentiation, apoptosis and cell migration. Apart from Smad-mediated transcription, TGF-β type I and II receptors also allow Smadindependent TGF-β responses. TGF-β receptors activate alternative signaling effectors, such as mitogen-activated protein kinase, phosphatidylinositol-3-kinase and Rho-like GTPases in response to TGF-β (21) . The association between the direct activation of the Smads and other signaling pathways often defines cellular responses to TGF-β. However, the question remains as to which signaling pathway is involved in EMT in lung cancer.
HSP27 is one of the protein chaperones that transport and stabilize proteins within cells. HSP27 modulates thermotolerance, regulation of cell development and differentiation, as well as chaperone activity (22) (23) (24) . HSP27 can also inhibit apoptosis by binding to cytochrome c and preventing its interaction with Apaf-1 and pro-caspase 9 (22) . In addition, HSP27 has been shown to interact with TGF-β (25) . Numerous human tumor cells express high levels of HSP27, suggesting that HSP27 plays a role in carcinogenesis (26) . In non-small cell lung cancer (NSCLC) patients, high expression levels of HSP27 are thought to inversely correlate with metastasis, poor prognosis and resistance to chemotherapy (27) (28) (29) . Therefore, HSP27 is a potential diagnostic and prognostic marker in NSCLC patients. The present study showed that HSP27 was significantly up-regulated by TGF-β1 stimulation in lung cancer cells. Furthermore, the inhibition of HSP27 enhanced TGF-β1-induced EMT in a Smad-independent manner. HSP27 may be involved in the TGF-β signaling pathway, although not via an EMT negative feedback loop.
In conclusion, we found that HSP27 was up-regulated by TGF-β1-induced EMT in a Smad-independent manner in lung cancer cells. TGF-β1, which induces EMT in lung cancers, simultaneously induced a molecule that negatively modulated EMT. Our data suggest that HSP27 provides an effective clinical strategy in lung cancer patients whose tumors are dependent on TGF-β1-induced EMT. Further investigation of the association between HSP27 and TGF-β signaling in lung cancer through the regulation of EMT is crucial.
